Background: There is heterogeneity in the pattern of early cognitive deficits in Alzheimer's disease (AD). However, whether the severity of initial cognitive deficits relates to different clinical trajectories of AD progression is unclear. Objective: To determine if deficits in specific cognitive domains at the initial visit relate to the rate of progression in clinical trajectories of AD dementia. Methods: 68 subjects from the National Alzheimer's Coordinating Center database who had autopsy-confirmed AD as the primary diagnosis and at least 3 serial assessments a year apart, with a Mini-Mental State Examination (MMSE) score >15 and a Clinical Dementia Rating Scale-Global (CDR-G) score ≤ 1 at the initial visit were included. A mixed regression model was used to examine the association between initial neuropsychological performance and rate of change on the MMSE and CDR Sum of Boxes. Results: Preservation of working memory, but not episodic memory, in the mild cognitive impairment and early dementia stages of AD relates to slower rate of functional decline. Discussion: These findings are relevant for estimating the rate of decline in AD clinical trials and in counseling patients and families. Improving working memory performance as a possible avenue to decrease the rate of functional decline in AD dementia warrants closer investigation.
Introduction
There is significant variability in the rate of progression of clinical symptoms in Alzheimer's disease (AD) [1] . The progression of AD from diagnosis to death is approximately 10 years in most cases, although rapid progression is observed in others [2] . It is often difficult on an individual basis to predict which patients with mild cognitive impairment (MCI) or early dementia will decline faster, needing early additional supportive care. Identifying variables at the initial visit of a patient with MCI or early dementia that could be related to faster or slower clinical trajectories would be valuable for patient and family counseling and planning. This information could assist in exploring underlying biological factors relating to varying clinical trajectories and would help us develop therapies tailored for individual patients.
It is increasingly recognized that there is substantial heterogeneity among AD patients, with differences in age of onset, clinical and behavioral symptoms, principal brain regions of neuropathologic burden, and speed of clinical progression [3] . Some have noted that clinical features, such as age of onset, sex, duration of illness, and the presence or absence of extrapyramidal features, are associated with the time to progression as assessed by time to nursing home placement, decline in Mini-Mental State Examination (MMSE) score or death [3] . Others have noted that the initial stage of disease at the beginning of the observation period ('how far') is an important predictor of subsequent decline ('how fast') [3, 4] . Some staging measures fail to document linear decline over the course of AD, and both 'bilinear' and 'trilinear' models of decline have been proposed [5] . Predictive models of progression have been developed and validated for AD [6] . A large literature on AD also documents predictors of conversion from normal cognition to amnestic MCI and to AD dementia [7] [8] [9] [10] [11] .
Multiple models [5, 6, 12, 13] and a meta-analysis of AD progression models [14] document clinical predictors of rates of decline. One longitudinal study of neuropsychological predictors of decline has noted that short-term memory deficits, temporospatial disorientation, and constructive apraxia predict more rapid dependency in AD patients [15] . Lower memory scores and executive dysfunction at baseline have been shown to predict greater likelihood of future decline [16, 17] . However, previous studies have a few limitations. Most studies predicting the rate of decline in AD do not have conclusive biomarkers or autopsyconfirmed diagnosis of AD pathology. This is a significant drawback, as the sensitivity and specificity of a probable and possible AD diagnosis without the aid of biomarkers was only between 70.9 and 87.3% for sensitivity and between 44.3 and 70.8% for specificity in one large analysis [18] . Further, when non-AD dementia was diagnosed, 39% of these individuals were found to have AD pathology at autopsy [18] . This adds significant error to previous analyses of rates of decline of AD without autopsy confirmation.
There is significant variability in initial symptoms among clinical variants of AD, and patients do not have the same degree of cognitive impairments across cognitive domains. The rate of clinical progression in terms of MMSE scores has been noted to be different between neuropathological subtypes of AD, with the fastest rate in hippocampal sparing AD and the slowest rate in limbic-predominant AD [19] . However, the highly verbal nature of the MMSE could overestimate AD severity in patients with predominant language deficits [20] . Performance in each of the cognitive domains is not independent and there is significant interaction among cognitive domains. For example, executive functioning is a mediator between other cognitive domains and daily functioning and may contribute to the rate of decline [21] . We therefore undertook an analysis of autopsy-confirmed AD dementia subjects in a large national database to investigate how clinical and neuropsychological markers at the initial visit in the MCI and early dementia stage of AD relate to the rate of cognitive and functional decline.
Materials and Methods
The National Alzheimer's Coordinating Center (NACC) maintains a database of participant information collected from 34 past and present Alzheimer's Disease Centers funded by the National Institute on Aging. Data from the uniform data set maintained by the NACC between September 2005 and May 2012 were used for the present analysis. Details on data collection and curation are well documented [22] . The Clinical Dementia Rating Scale-Global (CDR-G) assesses the participant's current cognitive and functional status. The level of impairment in the domains or 'boxes' of memory, orientation, judgment and problem solving, community affairs, home and hobbies, and personal care are rated. The CDR-G ratings are calculated using a complex algorithm and range from 0 (no dementia) to 3 (severe dementia) [23] . All subjects included in the analysis had an initial CDR-G score of 0.5 or 1 and a final CDR-G score >1 meeting clinical criteria for a diagnosis of dementia. The primary diagnosis of AD dementia was confirmed by neuropathology analysis. The CDR Sum of Boxes (CDR-SB) is an operationalized measure of cognitive and functional ability. CDR-SB scores are calculated by simply adding the 'box scores', and range from 0 to 18 (higher scores indicate more impairment). The CDR-SB mean scores decline nearly linearly across different severities of AD in the 2-year Alzheimer's Disease Neuroimaging Initiative study [24] . CDR-SB provides a global assessment of cognitive and functional ability and is significantly associated with the severity of amyloid burden [25] and metabolic deficits in patients with AD [26] . All subjects also had a minimum score >15 on the MMSE [27] at the initial visit. The mean time from the last visit to death was 0.43 years (range 1-2 years). The subjects included in the analysis had a minimum of 3 longitudinal visits separated by 1 year. The presence of any behavioral symptom at the initial visit (delusions, hallucinations, agitation, depression or dysphoria, anxiety, elation or euphoria, apathy, irritability or lability and disinhibition: yes or no) was evaluated for its predictive role in future cognitive decline, in addition to each subject's Hachinski ischemic scores. Patient characteristics are described in table 1 .
Neuropsychological Measures
A core battery of neuropsychological measures was administered to all participants at each visit [28] . All four cognitive domains documented in the uniform data set were evaluated: attention, executive functioning, language, and memory. Attention was assessed using the digit span subtest (digits forward) from the [30] . Executive functioning was quantified using the Wechsler Adult Intelligence Scale digit span (digits backward) [29] , Trail-Making Test part B, and the digit symbol coding subtest from the Wechsler Adult Intelligence Scale [29, 30] . Digits backward length (i.e., number of digits correctly repeated in reverse order) was also included as a variable of interest. Object naming was assessed using the 30-item version of the Boston Naming Test (BNT) [31] . The evaluation of memory included measures of verbal episodic memory (Wechsler Memory Scale, logical memory subtest) [29, 32] and semantic memory (animal names generated in 60 s) [33] . Table 2 notes the detailed neuropsychological characteristics of the subjects at the initial visit.
Statistical Analysis
A total of 158 subjects had a primary diagnosis of AD dementia confirmed by neuropathology. The flow chart for subject selection is shown in figure 1 . The rationale for subject inclusion/exclusion criteria was to reduce the potential effect of the large variability of initial cognitive deficits on the rate of decline analysis. A total of 68 subjects were used for further analysis. Given the ordinal nature of APOE and Braak stage, they were included in the models as continuous variables. All the analyses were done with JMP Pro 10.0 (SAS Institute) and SAS 9.2 (SAS Institute).
Mixed models for repeated measurements were used to determine which measures were associated with rate of change of MMSE and CDR-SB after adjustment for demographic covariates. In each model, age, sex, education, and APOE 4 status were included as covariates and all the initial performance measures were added as possible predictors. For the Braak stage, a multivariate regression model was built using a mixed strategy of backward elimination and forward selection. Only terms with p values ≤ 0.05 were included (except for the covariates). In the final models, interactions between initial neuropsychological measures were explored and were not significant.
The role of age at diagnosis, duration of clinical follow-up, presence of initial behavioral symptoms, and Hachinski score at the first visit on the rate of decline of MMSE and CDR-SB scores was explored. Moreover, the role of final neuropathology burden, noted by the Braak stage, as an independent predictor of the rate of decline of the MMSE and CDR-SB scores was analyzed in a secondary analysis.
Results

Rate of Change of MMSE
Age at diagnosis (β = 0.14, p = 0.0006), initial MMSE score (β = 0.37, p = 0.001), initial digit span backward trial correct scores (β = 0.67, p = 0.004), and initial BNT scores (β = 0.23, p = 0. 007) were all associated with a lower rate of decline of MMSE scores ( 
Rate of Change of CDR-SB
Higher education (β = 0.22, p = 0.004) and initial CDR-SB score (β = 0.80, p < 0.0001) were associated with an increase in the rate of decline of CDR-SB scores. A higher amount of digit span backward trial correct scores (β = -0.29, p = 0.03) was related to a slower rate of decline of CDR-SB scores. The presence of a behavioral symptom at the initial visit (β = 0.79, p = 0.059) reached close to significance cutoff and was related to an increase in the rate of decline of CDR-SB scores ( table 3 ) .
In our supplementary analysis, longer duration of clinical follow-up was not related to slower rates of decline on the MMSE and CDR-SB (p = 0.63 and p = 0.90, respectively). We further noted that the initial Hachinski score was not related to the rate of decline on the MMSE and CDR-SB (p = 0.81 and p = 0.92, respectively). The Braak stage was not associated with the slope of MMSE or CDR-SB in a univariate model. In a regression model, age at diagnosis (β = -0.02, p = 0.05) and initial digit backward length (β = -0.19, p = 0.02) were associated with lower final Braak stage but not logical memory scores.
Discussion
In the current study, we found that the rate of cognitive and functional decline could be predicted based on baseline performance on measures of working memory and naming, along with initial behavioral symptoms and demographic factors, among subjects with autopsy-confirmed AD dementia in a longitudinal cohort. Notably, performance on the episodic memory measure did not predict the rate of decline of either MMSE or CDR-SB scores. The Braak stage at autopsy did not explain the rate of decline in MMSE or CDR-SB after accounting for age, sex, and education, further supporting the notion that additional factors (apart from neuropathology) contribute to longitudinal changes in AD dementia. Higher education and high initial digit backward performance were related to lower Braak stage at autopsy.
Perhaps our most clinically significant finding relates to the association between initial neuropsychological performance and longitudinal changes in global functional status (CDR-SB). Better initial performance on the digit span backward task was related to a slower rate of functional decline over time. This measure taps overlapping but distinctive cognitive skills, including working memory, complex attention, and speed of information processing, and can be categorized as a measure of attention and executive functioning. A large body of empirical work has found relationships between executive functioning and performance of instrumental activities of daily living in healthy older adults [34] , as well as among individuals with MCI and mild AD [10, 16, 17, 35] . A very recent study found that performance on tasks requiring working memory and complex attention were related to realworld task performance [36] . Executive functioning has also been noted as a mediator between other cognitive domains and daily functioning [21] and is associated with a higher number of falls and gait speed slowing [37] . Others have posited that executive functioning explains at least 3 times as much variance in instrumental activities of daily living performance as memory [38] . This is relevant concerning our results, as we found no association between memory performance and CDR-SB change over time. As such, those with more intact executive and attentional skills at baseline may be able to more effectively compensate for memory impairment, at least temporarily. Deficits in attentional control and working memory are also increasingly recognized as early cognitive changes in the AD prodrome [39] . Alternatively, better function in these measures may be a marker of more robust cognitive reserve [40] .
We also note significant associations between the performance on two measures (i.e., BNT and digits backward) and longitudinal changes in the MMSE score. The highly verbal nature of the MMSE has been noted to overestimate dementia severity in patients with primary language disorders [20] , and MMSE scores correlate with BNT scores and baseline higher intellectual performance. Our results support this close correspondence. These results are consistent with the CDR-SB results in supporting the role for relative preservation of working memory skills at baseline to help compensate for cognitive decline, although it should be noted that the MMSE does not thoroughly assess executive functions.
Taken together, these results suggest that slower rate of decline in MMSE and global functioning are both related to relatively preserved frontal lobe functions of attention and working memory. Episodic memory impairment, though a hallmark of AD phenomenology, does not appear to influence the rate of decline of these measures. There are several potential explanations for this observation. Episodic memory could be uniformly impaired across all subjects and would, therefore, not significantly contribute to the model (i.e., floor effect). This was supported in our post hoc analysis, in which we found that the variance in episodic memory scores was lower than in other cognitive domains.
Multiple studies have assessed CSF biomarkers (Aβ/τ) and MRI measures of hippocampal atrophy in predicting AD progression. Our analysis suggests that variations in cognitive profiles of patients, in addition to subject demographics, duration of symptoms, and early progression rate, impact later clinical measures of progression in AD dementia. This could be related to differences in the regional neuropathology burden and/or differences in biological factors underlying disease progression or due to specific test features of MMSE and CDR-SB in capturing some cognitive domains better than others, and need to be considered as measures that reflect clinical disease progression in AD.
Among the covariates there was a consistent influence of education on rates of decline in MMSE and CDR-SB. Although highly educated subjects often have a slower rate of decline prior to dementia, faster cognitive decline has been well described in the same subjects following dementia onset [41, 42] . Our results are consistent with this and may be attributed to effects of cognitive reserve [40] . Age at diagnosis was noted to have a discrepant influence, with higher age at diagnosis related to slower rate of decline of MMSE but not CDR-SB scores. One possible reason could be that medical comorbidities, including physical disability from illness, interval surgical interventions or uncontrolled vascular risk factors (e.g. diabetes), may influence global ability (and CDR scores) but could not completely be accounted for in our analysis.
Our results have important implications. Currently, the drug-versus-placebo arm comparisons in clinical trials evaluate cognitive function from the start of the study using MMSE to establish initial disease severity. As pre-progression rates and differing neuropsychological profiles of subjects lead to differences in rates of progression, accurate evaluation of the drug-versus-placebo effect might best be captured by more careful matching of subjects across both executive function and episodic memory deficits than is currently practiced. Further, some studies support the effectiveness and durability of the cognitive training interventions in improving targeted cognitive abilities in the elderly [43] , but reports of transfer of benefits to other cognitive domains following cognitive training in the older population are few [44, 45] . Our results suggest that targeting working memory performance could be a fruitful avenue to improve functional task performance and slow the rate of progression to AD dementia and warrants further investigation.
Study limitations include the nature of our convenience sample with a potential bias in participant recruitment and in their agreeing on final autopsy confirmation of diagnosis. Requiring autopsy confirmation led to a smaller number of subjects in our analysis compared to previously published AD progression studies, although it adds to the strength of this analysis in that all the subjects have a definitive AD dementia diagnosis. All subjects included in the analysis had a minimum of 3 visits. When we estimate that the AD pathology progresses over almost two decades in dominantly inherited AD, a 3-year analysis of the rate of progression is limiting. This study therefore best captures the rate of decline among AD subjects with early dementia or MCI at the initial visit. The number of cognitive measures included in the study was also less than would be found in most standard neuropsychological batteries used for clinical evaluation of dementia, which may have limited our ability to detect other early cognitive predictors of decline. A detailed analysis of neuropsychological measures predicting conversion from MCI to dementia could not be undertaken in the present data set due to the smaller number of subjects in the MCI range at the initial visit (39.7%).
Previous staging measures have proposed a nonlinear decline in cognition over the course of AD [5, 41] , but decline is often modeled to occur at a constant linear rate after the onset of dementia [41, 42] . The CDR-SB mean scores have been noted to decline nearly linearly across different severities of AD in the 2-year Alzheimer's Disease Neuroimaging Initiative study [24] . Our analysis therefore tracks clinical progression of AD only in stages of dementia and assumes a linear rate of decline. Future studies on a larger sample with a longer longitudinal follow-up are needed to confirm the present results.
Our results are best used to understand predictors of clinical deterioration and neuropsychological variables of interest at the time of first clinical visit in individuals with MCI or early dementia. Most sporadic AD patients are expected to meet a health care provider at this stage and are often in need for counseling as to what to expect regarding the rate of symptom progression. These findings are relevant to developing better cognitive markers for estimating the rate of clinical progression in prospective AD clinical trials and in counseling patients and families. Improving working memory performance as a possible avenue to decrease the rate of functional decline in AD dementia warrants closer investigation.
